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ABSTRACT: Systematic studies of charge-dependent two- and three-particle correlations
in Pb-Pb collisions at \/sxy = 2.76 and 5.02TeV used to probe the Chiral Magnetic
Effect (CME) are presented. These measurements are performed for charged particles
in the pseudorapidity (n) and transverse momentum (pr) ranges |n| < 0.8 and 0.2 <
pr < 5GeV/e. A significant charge-dependent signal that becomes more pronounced
for peripheral collisions is reported for the CME-sensitive correlators 71 = (cos(a +
pg — 2WUs)) and 1,3 = (cos(pa — 3pg + 2V¥3)). The results are used to estimate the
contribution of background effects, associated with local charge conservation coupled to
anisotropic flow modulations, to measurements of the CME. A blast-wave parametrisation
that incorporates local charge conservation tuned to reproduce the centrality dependent
background effects is not able to fully describe the measured 7 ;. Finally, the charge and
centrality dependence of mixed-harmonics three-particle correlations, of the form 7o =
(cos(pa+2pp—3¥3)), which are insensitive to the CME signal, verify again that background
contributions dominate the measurement of 71 1.
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1 Introduction

Heavy-ion collisions at ultra-relativistic energies are used to study the phase transition
from a deconfined Quark-Gluon Plasma (QGP) state [1-3] to ordinary nuclear matter. The
transition is expected to occur at high values of temperature and energy density, which is
also supported by quantum chromodynamics (QCD) calculations on the lattice [4, 5]. The
main aim of the heavy-ion program at the Large Hadron Collider (LHC) is to study the
QGP properties, such as the equation of state, the speed of sound in the medium and the
value of the ratio of shear viscosity to entropy density (7/s).

It was soon realised that heavy-ion collisions also allow for studies of novel QCD
phenomena associated with parity (P) violation effects in strong interactions [6, 7]. These
effects are catalysed by the presence of a strong magnetic field that develops in the early
stages of heavy-ion collisions. This field is created by the motion of the charged nucleons of
the incoming ions in a non-central collision, i.e. a collision with a large impact parameter,
defined as the distance between the centers of the two colliding nuclei in the transverse
plane. The magnitude of this field can reach values of 10*® Gauss [8], making it the strongest
magnetic field created by any experiment on earth. The direction of the magnetic field is
along the system’s angular momentum and perpendicular to the reaction plane. The latter
is the plane defined by the impact parameter vector and the beam direction.



The potential to observe parity violation in the strong interaction using ultra-
relativistic heavy-ion collisions has first been discussed in refs. [9-11] and was further
reviewed in refs. [12, 13]. In QCD, this symmetry violation originates from the possibility
that the QGP can carry net chirality [14-16], characterised by a non-zero value of the
axial chemical potential pus, i.e. reflecting the imbalance between left— and right-handed
fermions in the system. Depending on the sign of us the QGP will have an excess of ei-
ther left— (us < 0) or right-handed (us > 0) (anti-)quarks. In the presence of the strong
magnetic field, the spins of (anti-)quarks tend to align along the direction of the field, cre-
ating a spin polarisation effect. This in turn leads to the development of a vector current
along the direction of the magnetic field and the creation of an electric dipole moment of
QCD matter. The experimental search for these effects has intensified lately, following the
realisation that the subsequent creation of charged hadrons results in an experimentally
accessible charge separation along the direction of this magnetic field, and perpendicular to
the reaction plane. This phenomenon is called the Chiral Magnetic Effect (CME) and its
existence was recently reported in semimetals like zirconium pentatelluride (ZrTes) [17].

The resulting charge separation can be identified by studying the P-odd sine terms in
the Fourier decomposition of the particle azimuthal distribution [18] according to

;LN ~ 142 [Unacos(nAP,) + tn o sin(nAg,)] (1.1)
Soa n

where Ay, = ¢ —URrp is the azimuthal angle ¢, of the particle of type a (either positively
or negatively charged particles) relative to the reaction plane angle Wrp. The coefficient
Un,o i the n-th order Fourier harmonic, averaged over all events, and characterises the
anisotropies in momentum space. The reaction plane is not an experimental observable
but can be approximated by the second-order symmetry plane, o, determined by the
direction of the beam and the axis of the maximal particle density in the elliptic azimuthal
anisotropy. This symmetry plane and more generally the plane angles of different order W,,,
estimated in each event, are introduced to account for the event-by-event fluctuations in
the initial energy density of a heavy-ion collision [19-23]. In case of a smooth distribution
of matter produced in the overlap zone, the angle ¥s coincides with that of the reaction
plane, i.e. W5 = Wrp. The leading order P-odd coefficient a1 o reflects the magnitude of
the effects from local parity violation, while higher orders (a, o for n > 1) describe the
specific shape in azimuth. However, the chiral imbalance that leads to the creation of the
CME changes from event to event and the event average (a1 o) will be consistent with zero.
Consequently, the effect can be detected only by correlation studies.

In ref. [24], it was suggested that a suitable way to probe the CME is via a two-
particle correlation technique relative to the second-order symmetry plane of the form
(cos(pa + pp — 2V3)), where the brackets indicate an average over all events. Here, o and
B denote particles with the same or opposite electric charge. The advantage of using this
expression is that it probes correlations between two leading order P-odd coefficients a1
and a; g which do not trivially average to 0 over all events (see section 3 for the discussion).
In addition, the observable is constructed as the difference between correlations in- and out-
of plane which is expected to significantly suppress parity-conserving background effects. In



order to independently evaluate the contributions from correlations in- and out-of plane one
measures at the same time a two-particle correlator of the form (cos(¢o — ¢3)). Section 3
contains a detailed discussion about all these correlators.

Experimental results for charged particles in both Pb-Pb collisions at /sny = 2.76 TeV
at the LHC [25] and in Au-Au collisions up to y/snn = 0.2 TeV at the Relativistic Heavy-
Ion Collider (RHIC) [26-30] are consistent with the expectation for a charge separation
relative to the reaction plane due to the existence of parity violating effects. However,
these measurements could be dominated by background effects whose sources have not
been fully quantified yet. One of the first attempts to provide a quantitative estimate of the
background in the measurement of the CME sensitive correlator (i.e. (cos(¢a+ g —2¥2)))
identified the sources as originating from local charge conservation coupled to the elliptic
flow modulation quantified by vy [31, 32]. Therefore, the challenge is to define a way to
constrain and quantify the background, while in parallel isolating the signal that comes
from the CME.

A first step in this direction was taken by the ALICE Collaboration [33] using a method
proposed and developed in ref. [34]. This method, called Event Shape Engineering (ESE),
utilises the fluctuations of the initial geometry and selects events with different initial
system shapes, e.g. central Pb-Pb collisions with large initial anisotropy. This study set
an upper limit of 26-33% at 95% confidence level for the CME signal contribution to the
(cos(pa + @5 — 2Wq))) correlator in the 10-50% centrality interval. The CMS [35] and
the STAR [36] collaborations studied charge-dependent correlations in p-Pb collisions at
V3NN = 5.02TeV and in p-Au and d-Au collisions at /sy = 0.2 TeV, respectively. In
these colliding systems, one expects the CME contribution to any charge-dependent signal
to be small and the results can thus be used to gauge the magnitude of the background
in heavy-ion collisions. Both results illustrate that these correlations are similar to those
measured in heavy-ion collisions. First results using ESE have been reported by the CMS
Collaboration in ref. [37], which set upper limits on the CME fraction of the three-particle
correlator to be 13% and 7% (at 95% confidence level) for p-Pb and Pb-Pb collisions.

In this article we report results on two-particle correlations of different orders as well
as various two-particle correlations relative to the second, third and fourth-order symme-
try planes for charged particles in Pb-Pb collisions at /sxy = 2.76 and 5.02TeV. The
motivation for utilising different planes is that the charge separation originating from the
CME is expected to be present along the direction of the magnetic field and thus per-
pendicular to the reaction plane, approximated by Wy. Since the third order symmetry
plane U3 is very weakly correlated with Wy [38] the charge separation effect relative to
the third harmonic symmetry plane is expected to be negligible. First results on corre-
lations relative to W3 reported by the CMS collaboration in ref. [37] indicates that the
charge separation could be originating from the coupling of two-particle correlations with
the anisotropic flow. In addition, contributions from correlations induced by the CME
should be strongly suppressed in the measurements of two-particle correlations relative to
W,, while the background effects stemming from local charge conservation should scale
with vy [39]. Therefore, measurements of correlations relative to higher order symmetry
planes are expected to reflect mainly, if not solely, background effects.



The article is organised as follows: section 2 describes briefly the experimental setup,
while section 3 discusses the data sample, the selection criteria as well as the correlators
reported; these sections are followed by section 4 and section 5 where the estimation of the
systematic uncertainties of all measurements and the main physics results, respectively, are
presented. We conclude in section 6 with a summary.

2 Experimental setup

By convention in ALICE, the beam direction defines the z-axis, the xz-axis is horizontal and
points towards the centre of the LHC, and the y-axis is vertical and points upwards. The
apparatus consists of a set of detectors located in the central barrel, positioned inside a
solenoidal magnet which can generate a field parallel to the beam direction with maximum
magnitude of 0.5 T. A set of forward detectors completes the experimental setup.

The main tracking devices of ALICE are the Inner Tracking System (ITS) [40] and the
Time Projection Chamber (TPC) [41]. The ITS consists of six cylindrical layers of silicon
detectors employing three different technologies. The two innermost layers, positioned at
r = 3.9 cm and 7.6 cm, are Silicon Pixel Detectors (SPD), followed by two layers of Silicon
Drift Detectors (SDD) (r = 15 cm and 23.9 cm). Finally, the two outermost layers are
double-sided Silicon Strip Detectors (SSD) at 7 = 38 cm and 43 cm. The TPC surrounds
the ITS and provides full azimuthal coverage. The combined pseudorapidity (1) coverage
of the ITS and the TPC is —0.9 < n < 0.9.

A set of forward detectors, the VO scintillator arrays [42], were used in the trigger
logic and for the determination of the collision centrality, discussed in the next section.
The VO consists of two sub-systems, the VOA and the VOC, that are positioned on either
side of the interaction point and cover the pseudorapidity ranges of 2.8 < n < 5.1 and
—3.7 <n < —1.7, respectively. Finally the Zero Degree Calorimeters (ZDC) [40] positioned
at both positive and negative rapidity at around 114 m away from the interaction point
were also used offline to reduce the contamination from beam-induced background.

A detailed description of ALICE and its sub-detectors can be found in ref. [40] and
their performance in ref. [43].

3 Analysis details

3.1 Event and track selection

The analysis is performed using the Pb-Pb data samples collected in 2010 and 2015 at a
centre-of-mass energy per nucleon pair of \/syy = 2.76 and 5.02 TeV, respectively. The
minimum bias trigger condition is defined in the 2010 data sample by combinations of hits
in the SPD and either VOA or VOC detectors, while in 2015 the trigger required a signal
in both VOA and VOC detectors.

An offline event selection relying on the timing information from the VO and the
neutron ZDC is used to reject beam-gas background and parasitic beam-beam interac-
tions. Events are analysed if the z-coordinate of the reconstructed primary vertex (V)
resides within +10 cm from the nominal interaction point. The collision centrality is es-
timated from the amplitude of the signal measured by the VO detectors as explained in



ref. [44]. Higher amplitude, and hence higher particle multiplicity, corresponds to more cen-
tral (smaller impact parameter) events. The data sample is divided into centrality classes
which span 0-70% of the inelastic hadronic cross section, which is considered in this study.
The 0-5% and 60-70% intervals correspond to the most central and the most peripheral
collisions, respectively.

Charged particles reconstructed using the TPC and the ITS information are accepted
for analysis within 7 and pr ranges of |n| < 0.8 and 0.2 < pp < 5GeV/¢, respectively.
The tracking algorithm, based on the Kalman filter [45, 46], starts from a collection of
space points (referred to as clusters) inside the TPC, and provides the quality of the fit by
calculating its x? value. The track parameters at the primary vertex are then updated using
the combined information from both the TPC and the ITS detectors. Tracks are accepted
even if the algorithm is unable to match the track reconstructed in the TPC with associated
SPD clusters (e.g. due to inefficiencies caused by dead channels in the SPD layers). In this
case, a cluster from another layer of the ITS (e.g. SDD) is used to reconstruct the tracks.
This tracking mode will be referred to as hybrid tracking in the rest of the text and is
used as the default in this analysis since it provides a uniform distribution in azimuthal
angle (). More details about the tracking parameters and performance are described
elsewhere [40, 43]. Accepted tracks are required to have at least 70 out of 159 possible
space points measured in the TPC and a x? per degree of freedom of the momentum
fit per TPC cluster to be below 2. These selections reduce the contribution from short
tracks, which are unlikely to originate from the primary vertex. To further reduce the
contamination by secondary tracks from weak decays or from the interaction with the
material, only tracks within a maximum distance of closest approach (DCA) to primary
vertex in both the transverse plane (DCAyy, < 2.4 cm) and the longitudinal direction
(DCA, < 3.2 cm) were considered. Moreover, if matched to ITS clusters, the tracks are
required to have at least one cluster in either of the two SPD layers. These selections lead to
an efficiency of about 65% for primary tracks at pp = 0.5 GeV /¢, which reaches 80% above
1 GeV/e. The variation of these values between central and peripheral collisions is less than
3%, and does not change between ,/syy = 2.76 and 5.02TeV. The contamination from
secondaries is about 10% at pyr = 0.2 GeV /¢, reaches 5% at pr = 1 GeV/c and decreases
further with increasing transverse momentum.

3.2 Analysis methodology

A way to probe the P-odd leading order coefficient a1, that reflects the magnitude of
the CME is through the study of charge-dependent two-particle correlations relative to the
reaction plane Wrp. The expression proposed in ref. [24] is of the form (cos(pa+¢s—2¥rp))
(o and S being particles with the same or opposite charges) that can probe correlations
between the leading P-odd terms for different charge combinations (a1,a1 ). This can be
seen if one decomposes the correlator using eq. (1.1)

(cos(pa + g — 2Wrp)) = (cos [(¢a — Yrp) + (¢85 — Yrp)])
= (cos(Apa + Agpp))
= (cos Apq cos Apg) — (sin Ay, sin Apg)
= (V1,av1,8) + Bin — (a1,001,8) — Bout, (3.1)



where B, and Byt represent the parity-conserving correlations projected onto the in- and
out-of-plane directions. The terms (cos Ay, cos Apg) and (sin Ap, sin Apg) in eq. (3.1)
quantify the correlations with respect to the in- and out-of-plane directions, respectively.
The term (v ov1,8), i.e. the product of the first order Fourier harmonics or directed flow, is
expected to have negligible charge dependence in the midrapidity region [47]. In addition,
for a symmetric collision system the average directed flow at midrapidity is zero. A gener-
alised form of eq. (3.1) also describing higher harmonics is given by the mixed-harmonics
correlations, which reads

Ymn = {(cos(m@y + nwg — (m +n) W 400), (3.2)

where m and n are integers. Setting m = 1 and n = 1 (i.e. v1,1) leads to eq. (3.1).
The |m +n|-th order symmetry plane angle W, is introduced to take into account
that the overlap region of the colliding nuclei exhibits an irregular shape [19-23]. This
originates from the initial density profile of nucleons participating in the collision, which
is not isotropic and differs from one event to the other. In case of a smooth distribution of
matter produced in the overlap zone, the angle W, coincides with that of the reaction
plane, i.e. ¥4, = Wrp.

In order to independently evaluate the contributions from correlations in- and out-of-
plane, one can also measure a two-particle correlator of the form

cos [(pa — Urp) — (93 — Yrp)])

{cos(pa —¢p)) =
= (cos(Apa — Apg))
=
=

cos A, cos Apg) + (sin Ap, sin Apg)
"Ul,avl,ﬁ> + Bin + <a1,aa1,5) + Bout, (3.3)

which corresponds to the special case of m = —n in eq. (3.2). This provides access to the
two-particle correlations without any dependence on the symmetry plane angle

5 = (cosim (e — 25)])- (3.4)

This correlator, owing to its construction, is affected if not dominated by non-flow contri-
butions. Charge-dependent results for 1, together with the relevant measurements of 711
were first reported in ref. [25] and made it possible to separately quantify the magnitude
of correlations in- and out-of-plane.

In this article, we report on the charge-dependent results of four correlators of the
form of eq. (3.2). The first two, 71,1 and 71 3, probe correlations of particles relative to
the second order symmetry plane (¥3). The correlator ;1 (i.e. the main correlator used
in previous studies) probes correlations of the first order P-odd term, i.e. (aia1) as
illustrated in eq. (3.1), while the second is sensitive not only to the first but also the third
order coefficient, i.e. (a1 a3 ) and thus is sensitive to the magnitude and the shape of the
CME contribution. However, in both cases the background contributions from local charge
conservation are expected to be significant (see refs. [31, 32] and the references therein).

In order to evaluate the background, correlations relative to the third and fourth order
symmetry planes i.e., y12 and 722, are investigated. Since the charge-separation effects



originating from the CME form relative to the second order symmetry plane, both corre-
lators are expected to have negligible contribution from it. Their charge-dependent part
could thus be used as a proxy for the background that consists of local charge conservation
scaled by the corresponding flow harmonics according to ref. [48]

71,1 & {cos[(pa — ¥p) + 2(pp — P2)]) o dyva, (3.5a)
1,2 = (cos[(¢a — pp) + 3(pp — ¥3)]) x d1vs, (3.5b)
V2,2 ~ (c08[2(pa — pp) + 4(ps — W4)]) X dav4. (3.5¢)

By taking the difference of results between opposite- and same-sign charge combi-
nations, denoted as A%y, in the most general form of the correlator, one can eliminate
the charge-independent part and probe the contribution from local charge conservation
modulated by the relevant flow harmonic

A'Yl,l S H2U2A61, (3.6&)
A’}/Lg ~ K}31}3A(51, (36b)
A’)/Q’Q ~ /{41}4A(52, (3.60)

where k,, is a proportionality constant. Using egs. (3.6), one can thus estimate the con-
tribution of the background in the charge-dependent CME sensitive correlator Ay using
the results of e.g. A~ 2 according to

APRE o Ay g x 2252 (3.7)
' U3 K3

Equation (3.7) serves as a tool to disentangle the CME contribution from the back-
ground, provided the parameter ry/k3 is estimated. In ref. [35] it was argued that the
magnitude of these x, terms depends on the kinematic ranges (e.g. detector acceptance,
event and particle selection criteria). Although k, may have dependency on pp and 7, we
have ignored such dependency and assumed a constant magnitude of the ratio ko /3 for the
full kinematic range. In ref. [35], it was suggested that one can assume that ko ~ k3 if the
same kinematic conditions are used to calculate Ay, , within the same experimental setup.
In this article, we also investigate the relationship between ko and 3 using two approaches:
a blast wave [49] inspired model that incorporates effects of local charge conservation and
the results of A Multi Phase Transport model (AMPT) [50-52], both discussed in detail in

the Results section.

3.2.1 The event-plane method

To evaluate the correlations experimentally, the event-plane method [53, 54] is used. In
this method, the event plane angle is reconstructed from the azimuthal distribution of the
particles produced in a collision. The event plane angle of k-th order (where k = |m — n|)
Uy gp is estimated according to

~1 Qk,y
)

Qrx (3.8)

\I/k,Ep = tan



where Qi x and Qi y are the x- and y-components of the Q-vector, calculated as

M M
Qusx = Y_wipr,n, ¢, V2) cos(kgi), and Quy = Y wilpr,n, @, Va) sin(kgi).  (3.9)
=1 =1

In eq. (3.9), ¢; corresponds to the azimuthal angle of the i-th track in an event with
multiplicity M. The factors w;(pr,n, ¢, V.) are weights applied on every track in the con-
struction of the Q-vectors, in order to correct for non-uniform reconstruction efficiency and
acceptance. They are calculated as a function of the transverse momentum, pseudorapidity
and azimuthal angle of particles for different V, values of the primary vertex.

To reduce the contributions from short range effects not related to the common sym-
metry planes (i.e. non-flow), a subevent plane technique [53, 54] is implemented. Each
event is divided into two subevents “A” and “B”, covering the ranges —0.8 < n < 0 and
0 < n < 0.8, respectively, and the two subevent plane angles, namely ¥y 4 and ¥y p are
calculated using charged particles. The correlators of eq. (3.2) are then calculated as

(cos[mpy + g — (M +10) ¥4 gp))
R(\Ij\m+n|,EP) 7

(3.10)

Ymn =

where a and f correspond to any two charged particles within —0.8 < n < 0.8, and
W yn,gp cOrTesponds to subevent plane Wy 4 (or Wy p for systematic studies). Particles
a or 8 (or both) were excluded from the determination of event plane if they were from
the same 7 window as the one used to calculate Wy 4 or ¥y p.

The event plane resolution R(\If|m+n‘7Ep) is given by

(W 5p) = /0]l + 1) (W ) 4 = P 5)] (3.11)

The amount of non-flow correlations in the results of both same- (SS) and opposite-sign
(OS) charge combinations could also depend on the longitudinal position of the detec-
tor used for the estimation of Wj;. However, it was checked that the charge-dependent
differences, i.e. OS-SS are not affected by this choice as these non-flow contributions (ap-
proximately) cancel out in the subtraction.

4 Systematic uncertainties

The systematic uncertainties in all measurements presented in this article were estimated
by varying the event and track selection criteria as well as by studying the detector effects
with Monte Carlo (MC) simulations. The contributions from different sources, described
below, were extracted from the difference for the results of each correlator obtained with
the primary selection criteria and the ones after the relevant variation was applied. All
sources with a difference between the results larger than 1o were then added in quadrature
to form the final value of the systematic uncertainty (for each data point), where o is the
uncertainty of the difference between the default results and the ones obtained from the
variation of the selection criteria, taking into account the degree of their correlation [55].



(No.) Source Default Value Variations

(1) Primary V, +10 cm £8 cm

(2) Centrality Estimator V0 amplitude SPD cluster
(3) Magnetic field polarity Combined Positive, Negative
(4) Event plane U, —0.8<n<0 Uy 0<n<0.8

(5) Residual Pile-Up High Intensity data Low Intensity data
(6) TPC space points 70 100

(7) DCA,, (DCA.) 2.4 (3.2) em 2.0 (2.0) em
(8) Tracking Algorithm Hybrid Global

(9) Charge Combination “4+ 4" and “— —" combined | “++” or “— -7

Table 1. List of the selection criteria and the corresponding variations used for the estimation of
the systematic uncertainties.

Table 1 summarises the sources and the variations that were tested. In particular,
the systematic uncertainty originating from the selection of the z position of the primary
vertex was investigated by changing this selection from +10 ¢cm down to £8 cm. In order
to estimate the contribution to the results from the choice of the detector used as centrality
estimator, the analysis was performed using the number of hits in the second layer of the
SPD instead of the amplitude of the VO detector. Furthermore, data samples recorded with
different magnetic field configurations for the solenoid magnet were analysed separately.
The contribution of residual pile-up events to the results was estimated by analysing in-
dependently the high and low interaction rate samples. Finally, the results were obtained
separately by calculating the event plane from different pseudorapidity ranges within the
TPC acceptance. The systematic uncertainty in the extraction of the CME fraction when
using different event plane angles within the TPC acceptance for the highest LHC en-
ergy was estimated considering runs with low beam intensity where the distortions in the
TPC are negligible.

In parallel, to investigate any potential bias originating from the quality of the tracks
used in the analysis, the number of space points measured in the TPC was varied from 70
(default) up to 100 out of 159 maximum points that a track can have. The contribution
stemming from secondary tracks, either from weak decays or from the interaction of par-
ticles with the detector material, was investigated by tightening the selection on the DCA
in the longitudinal direction as well as in the transverse plane. Finally, another tracking
mode that relies on the combination of the TPC and the ITS detectors, henceforth called
global tracking, with tighter selection criteria in addition to requirements for clusters in
the SPD or the SDD detectors was used. In this case, a stricter transverse momentum
dependent requirement in the value of the DCA in the transverse plane resulted in re-
ducing even further the amount of secondary particles in the track sample. The resulting
contamination from secondaries is less than 2-3% for the entire pr range.

For each variation, new correction maps for detector inefficiencies and non-uniform
acceptance were extracted using MC data samples and collision data.



7,1 (x107°) 7,2 (x107°) m,-3 (x107°) Y22 (x107°)

Sources | SS OS |OS-SS| SS | OS |OS-SS| SS OS | OS-SS| SS | OS | OS-SS
(1) 0.26 1.4 | 0.027 | 1.1 | 0.12 1.9 0.13 | 0.15 | 0.095 | 0.035| 0.1 0.02
(2) 2.5 6.1 6 4.5 1 99 1.8 4.2 3.2 1.2 8.6 | 86 | 0.27
(3) 0.86 | 0.65 0.1 0.83]10.84| 0.024 | 0.34 | 0.54 | 0.04 1.4 1098 | 0.36
(4) 1.62 | 1.81 1.6 1.7 | 1.83| 4.51 | 0.86 | 0.64 | 0.15 1.78 | 2.1 6.8
(5) 4.0 3.9 0.58 | 7.2 | 3.9 3.6 0.73 | 0.83 0.2 44 | 4.0 11
(6)
(7)
(®)
9)

0.1 | 089 | 0.065 | 1.1 | 1.4 1.3 0.21 | 0.22 | 0.032 | 41 | 3.9 | 0.12
0.011 | 0.032 | 0.001 | 0.05|0.06 | 2.1 |0.008]0.024| 0.025 |0.017|0.28| 0.03
0.045(0.049| 0.16 |0.67| 1.3 | 0.08 | 0.07 | 0.06 | 0.17 5.7 10.17| 0.1
0.55 | — 055 (026 — | 026 | 0.23 | — 0.23 21 — 21

Table 2. Maximum systematic uncertainty (absolute value) over all centrality intervals on v,
from individual sources (see table 1 for an explanation of each source). The ranges are similar for
both energies.

Tables 2 and 3 summarise the maximum magnitude, over all centrality intervals, of
the systematic uncertainties from each individual source for all correlators presented in
this article. The uncertainties are reported separately for the results for same-sign (SS),
opposite-sign (OS) and the difference between opposite- and same-sign (OS-SS) pairs. The
uncertainties for the results of the various v, , are reported without the common factor
of x1075.

Throughout the centrality intervals reported in this article, the magnitude of 71
correlator varies between —2.4 to —40 for SS pair, —1.2 to 29 for OS pair and 1.2 to 68
for OS-SS. The values of ~;,_3 vary between —2.1 to 38 for SS pair, —0.67 to 68 for OS
pair and 1.4 to 30 for OS-SS. The magnitude of v; 2 covers the range between —2.5 to 140
for SS pair, —1.7 to 180 for OS pair and 0.71 to 3.7 for OS-SS. Finally, the results for 2o
vary between 0.01 to 14.7 for SS and OS pair while being between 0.25 and 19 for OS-SS.

The two-particle correlators of the form §,, are an order of magnitude larger than
the three-particle correlators. Therefore, the values mentioned in the following have an
exponent of x10~*. The magnitude of §; varies between 2.9 to 23.5 for SS pair, 5.6 to 49
for OS pair and 2.7 to 26.2 for OS-SS. The values of d5 spans the range between 8.2 to 97
for SS pair, 9.5 to 102 for OS pair and 1.31 to 5.2 for OS-SS. The magnitude of J3 varies
between 4.5 to 16 for SS pair, 4.8 to 15 for OS pair and —1.3 to 0.79 for OS-SS. Finally,
the results for d4 varies between 1.58 to 9.4 for SS pair, 1.6 to 6.8 for OS pair and —2.5 to
0.78 for OS-SS.

5 Results

The measurements of two-particle correlators (eq. (3.4)) are presented in figure 1. Each
data point on this figure and in the rest of the article is drawn with the relevant statistical
(vertical lines) and systematic uncertainties (shaded boxes).The plots in the left panel of
figure 1 present the centrality dependence of d,, for m = 1, 2, 3 and 4 for opposite (OS)
and same (SS) sign pairs. The charge-dependent differences of every correlator, denoted

~10 -



5 (x107%) 8 (x107%) 83 (x107%) 54 (x107%)
Sources | SS | OS |OS-SS| SS | OS | OS-SS| SS | OS | OS-SS| SS | OS | OS-SS
) 1.7 | 1.8 | 0.01 |0.12|0.13| 0.03 |0.08|0.11| 0.03 |0.06|0.05| 0.01
(2) 2.0 | 3.6 1.6 [0.65]0.66| 0.019 | 0.5 |0.11| 0.34 |0.43|0.17| 0.27
(3) 0.86 | 1.0 | 035 | 1.6 | 1.4 | 0.25 |0.64|0.22| 0.33 |0.52|0.02| 0.51
(5) 1.2 1091| 1.5 1.4 {099 0.029 |0.89]0.38| 0.33 |0.61|0.13| 0.022
(6) 0.014 | 2.2 14 5.5 | 5.5 1.1 0.26 | 1.1 1.1 0.94| 2.2 0.12
(7)
(8)
(9)

0.056 | 0.15| 0.01 |0.080.14| 0.01 |0.05|0.02| 0.02 |0.14|0.02| 0.07
25 | 1.8 | 0.74 (092]0.29| 1.2 1.2 1053 1.8 |0.68|0.67| 14
26 | — 2.6 16 | — 1.6 1.7 | — 1.7 (037 — | 0.37

Table 3. Maximum systematic uncertainty (absolute value) over all centrality intervals on 6y,
from individual sources (see table 1 for an explanation of each source). The ranges are similar for
both energies.

by Ad1, Ads, Ads, and Ady as a function of collision centrality are presented in the right
panel of figure 1. These charge-dependent two-particle correlators (eq. (3.4)) are primarily
dominated by background effects (see discussion in section 3) and can thus be used to
constrain the background in the CME sensitive correlator v; 1. The first harmonic corre-
lator, d;, exhibits a significant charge-dependent difference. This correlator is related to
the balance function also studied at the LHC [56, 57]. The present results are qualitatively
consistent with the ones in refs. [56] and [57], i.e. oppositely charged particles are more
tightly correlated in central events resulting in a narrowing of the balance function width
in Ay and thus in a smaller value of §; for central events compared to peripheral Pb-Pb
collisions. For higher harmonics, the charge-dependent differences become progressively
smaller and are compatible with zero (up to centrality < 60%) with a hint of negative Ady
for the most peripheral events.

The two-particle correlators were also studied in a more differential way, namely as a
function of the transverse momentum difference Apt = |pt o —pr g, the average transverse
momentum pp = (pr,o + p1,3)/2 and the pseudorapidity difference An = |n, — ng| of
the pair.

The dependence of §1, d2, d3 and &4 on these variables for one indicative centrality
interval (30-40%) is shown in figure 2 for Pb-Pb collisions at /syy = 5.02TeV. For
the first harmonic correlator, §;, the correlations between particles of opposite charges
have larger magnitude compared with the ones for same charge particles. The absolute
differences do not show any significant Apt dependence, however they do increase with
increasing pr of the pair. Finally, there is a significant charge-dependent difference of 4y,
which decreases with increasing An, consistent with what is also reported in refs. [56, 57].
For higher harmonics, no significant difference is observed. For other centralities the results
look qualitatively similar.

The measurements of integrated two-particle correlators relative to various order sym-
metry planes (eq. (3.2)) in Pb-Pb collisions at \/syn = 5.02 TeV are presented in figure 3.
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Figure 1. (Left panel) The centrality dependence of 41, d2, d3, and 04 for pairs of particles of
opposite (OS) and same (SS) sign measured in Pb-Pb collisions at /sxy = 5.02 TeV. (Right panel)
The charge-dependent differences, Ad, for n = 1, 2, 3 and 4, as a function of collision centrality.
The statistical uncertainties for some data points are smaller than the marker size. The systematic
uncertainties of each data point are represented by the shaded boxes.

The left panel presents the centrality dependence of 11, v1,-3, 71,2 and ~22. Results for
different charge combinations, i.e. OS and SS pairs are also presented here. The right panel
of the same figure presents the centrality dependence of the charge-dependent differences,
i.e. OS-SS. A significant charge-dependent magnitude for v ; is observed that increases
when moving to more peripheral collisions. In particular, the magnitude of the same-sign
correlations becomes progressively more negative, while correlations of oppositely charged
particles are very close to zero and their magnitude turns positive for peripheral Pb-Pb
events. A significant charge-dependent difference that increases for peripheral centrality
intervals is also observed for 71, _3. Both correlators, as discussed in section 3, probe corre-
lations between either the first order P-odd term of the form (a1 a1 g) or between the first
and the third order coefficient (a; a3 ). They are thus sensitive to contributions from
the CME.
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Figure 2. The dependence of §;, d2, 3 and é4 on the transverse momentum difference Aptr =
|pr.o — pr,s| (left panel), the average transverse momentum pp = (pr.o + pr,s)/2 (middle panel)
and the pseudorapidity difference An = |n, — ng| (right panel) of the pair. The results for both
opposite (circles) and same sign (squares) particle pairs are reported for one indicative centrality
interval (30-40%) of Pb-Pb collisions at /sxy = 5.02 TeV.

The centrality dependence of ;2 for SS and OS pairs and their difference also demon-
strate a significant charge dependence which increases for more peripheral events. Corre-
lations of particles relative to the third order symmetry plane are expected to probe solely
the background scaled by the third order flow harmonic (v3) as expressed in egs. (3.5).
Hence these results indicate that the effects of local charge conservation coupled with wvg
can induce differences in correlations between different charges. Finally, correlations of par-
ticles with different charge relative to the fourth order symmetry plane, as quantified by
72,2, do not exhibit any significant charge dependence within the current level of statistical
and systematic uncertainties.

As in the case of the two-particle correlators, dy, also the vy, were studied in a
differential way, namely as a function of Apt, pr and An. The results are presented in
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Figure 3. Left panel: the centrality dependence of 71,1, y1,—3, 71,2 and 72 2 for pairs of particles
of opposite (OS) and same (SS) sign measured in Pb-Pb collisions at ,/sxy = 5.02TeV. (Right
panel): the charge-dependent differences Avy 1, Ay, _3, Ayy 2 and A7y, as a function of collision
centrality.

figure 4 for the same representative centrality interval as before (30-40%) for both OS and
SS. It is seen that, with the exception of 77 2, the magnitude of correlations for OS pairs is
greater than the one of SS for nearly the full range of Apr, pr and An presented in this
article. The results for OS and SS are compatible within the current level of statistical and
systematic uncertainties for -, o.

The correlations of particles with different charge for both ;1 and ~;,_3, i.e. the two
correlators that are sensitive to different orders of the CME, have a range that extends
up to one unit of An. Both OS and SS correlations have a similar trend as a function
of Apr and An, however they exhibit different behaviour as a function of pp. On the
other hand, the correlators that are solely sensitive to the background, i.e. 712 and 729,
exhibit an increasing trend as a function of both Apr and pp. This trend has a mild
charge dependence for 712 that increases with increasing Apt and pp, but not for o 2.
Both 712 and 722 have a range that extends up to An = 1.6 without any significant
dependence on An.
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Figure 4. The dependence of v; 1, 71,-3, 71,2 and 722 on the transverse momentum difference
Apr = |pr.o — pr,8| (left panel), the average transverse momentum pp = (pr,o + pr,5)/2 (middle
panel) and the pseudorapidity difference An = |, — ng| (right panel) of the pair. The results
for both opposite and same sign particle pairs are reported for one indicative centrality interval
(30-40%) of Pb-Pb collisions at /sxy = 5.02 TeV.

Finally, the charge-dependent differences of the correlators 71,1, 1,2 and 2 2 were also
studied in Pb-Pb collisions at /sy = 2.76 TeV. The centrality dependence of A~y ,
A~1,2 and A~y 9 is presented in figure 5 in comparison with the results obtained in Pb-Pb
collisions at /snny = 5.02TeV. None of the correlators exhibit any significant differences
between the two energies, within the current level of uncertainties. This could be explained
considering that there is no significant energy dependence in the effects that constitute
the background to these measurements (i.e. local charge conservation coupled to different
flow harmonic modulations). Preliminary studies indicate that the correlations between
balancing charges, as reflected in the width of the balance function, do not exhibit any
significant dependence on collision energy. The values of vy, v3 and vy in \/sNyN = 5.02 TeV
are between 2 to 20% higher than the values at \/syy = 2.76 TeV [58]. However, the
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Figure 5. The dependence of Ay; 1, Ay, 2 and Ays 5 on centrality, measured in Pb-Pb collisions at
VSNN = 2.76 and 5.02 TeV. The data points for \/syny = 5.02 TeV are shifted along the horizontal

axis for better visibility.

Centrality | Tiin (MeV) £0 P2 R./R,

0-5% 91.3 £3.5 | 1.26 £ 0.01 | 0.020 £ 0.001 | 0.956 £ 0.001
5-10% 87.0 £3.5 | 1.27 £ 0.01 | 0.032 £ 0.001 | 0.933 £ 0.002
10-20% 84.8 £4.9 | 1.25 £ 0.01 | 0.045 £ 0.003 | 0.905 £ 0.004
20-30% 874 £ 4.8 | 1.23 £ 0.01 | 0.059 £ 0.007 | 0.872 £ 0.005
30-40% 91.6 £ 3.8 | 1.20 & 0.01 | 0.068 £ 0.003 | 0.844 £ 0.004
40-50% 95.1 £3.3 | 1.15 £ 0.01 | 0.070 £ 0.003 | 0.823 £ 0.004
50-60% 98.1 £3.2 | 1.09 + 0.01 | 0.065 £ 0.002 | 0.807 £ 0.004
60-70% 108.0 £ 3.2 | 0.99 £ 0.01 | 0.056 £+ 0.002 | 0.786 £ 0.006

Table 4. List of the Blast-wave fit parameters.

corresponding change in the background contribution to the vy, , correlator is of the order
of a few percent, which is not distinguishable within the current level of uncertainties.

5.1 Constraining the CME contribution
5.1.1 Describing the background with Blast-wave inspired LCC model

As a first approach to constraining the CME contribution, a blast-wave (BW) parametri-
sation [49] that describes the phase space density at kinetic freeze-out, is used. This model
assumes that the radial expansion velocity is proportional to the distance from the cen-
tre of the system and takes into account resonance production and decays. Local charge
conservation (LCC) is additionally incorporated in this model by generating ensembles
of particles with zero net charge. The position of the sources of balancing charges are
then uniformly distributed within an ellipse. From now on this model will be denoted as
BW-LCC in the text.

Each particle of an ensemble is emitted by a fluid element with a common collec-
tive velocity following the single-particle BW parametrisation. The procedure starts from
obtaining BW parameters by fitting the pp spectra [59] and the pp-differential ve val-

ues [60] for charged pions, kaons, and protons (antiprotons) measured in Pb-Pb collisions

~16 -



x10° - 10°

[ T " " T C T L B B LR BB

4: ¢ Data ALICE Pb-Pb \'s,, =5.02 TeV - 08l { Data ALICE Pb-Pb \s, =5.02TeV 7

[ —BW-LCC  02<p <50GeV/c, <08 | [ —BW-LCC 02<p,<50GeVic,i <08 =~ 7

— 3 _ —_ L B
i 1 ® oe[ .

% 3 ] U.J 0.6: ]
5 1 o _Ff 1
S 2 1 Q o4r ]
< i 1 o2 ]
r ] 0.0 [ .

L i S S IR R [ I B | ol 1]

0 10 20 30 40 50 60 70 0 10 20 50 60 70

30 40
Centrality (%) Centrality (%)

Figure 6. (Left) The centrality dependence of Ad; measured in Pb-Pb collisions at /sy =
5.02TeV. The curve (denoted as BW-LCC) presents the blast-wave parametrization coupled to
local charge conservation effects. The model is tuned to reproduce the measured values of Ad;
(see text for details). (Right) The comparison of the centrality dependence of the CME-sensitive
correlator Ay with expectations from the BW-LCC model.

at /snn = 5.02TeV. The fit ranges for pr spectra are 0.5 < pp < 1.0GeV/c, 0.2< pr <
1.5GeV/c and 0.2 < py < 3.0 GeV/c for pions, kaons and protons, respectively. The fit
range for pp-differential vy and vg is 0.5 < pp < 1.2GeV/c. Table 4 presents the resulting
BW parameters, namely the kinetic freezeout temperature (7Tiiy,), radial flow (pg) and its
second order modulation (p2) as well as the spacial asymmetry (R,/R,). The next step
required tuning the number of sources of balancing pairs for each centrality interval to
reproduce the centrality dependence of Ady, the correlator which is mainly sensitive to
background effects. This procedure is repeated for every centrality interval. The number
of sources varies from ~2476 to 193 for the centrality intervals 0-5% to 60-70%. The left
panel of figure 6 presents the agreement achieved between the measured results and the ones
obtained from the model. Overall the model describes the measurement fairly well with
deviations limited to <1% for the whole centrality range. The tuned model is then used to
extract the expectation for the centrality dependence of the charge-dependent differences
of the CME sensitive correlator A+ 1. The right panel of figure 6 shows the comparison
between the measured values of Av;; and estimates from the model. The estimate of
A~1,1 from the model originates solely from the contribution of local charge conservation
effects coupled to elliptic flow modulations. The curve underestimates the measured data
points by as much as =~ 39%, with the disagreement increasing progressively for more
peripheral events.

5.1.2 Describing the background with v, and ymn

In the following, we attempt to constrain the background contribution to the CME sensitive
correlator 1 1 and thus give an estimation of the fraction of the signal in Pb-Pb collisions.
The approach described in section 3.2 relies on the assumption that the coefficients k, have
similar magnitude, allowing one to calculate the background contribution to A~; 1, denoted
as A’yE lfg from Ao according to eq. (3.7). This assumption was tested using events
produced with the string melting tune of A Multi Phase Transport model (AMPT) [50-52].
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Figure 7. (Left panel) The centrality dependence of Ay; 1/ve and Av; o/vs for Pb-Pb collisions
at \/snn = 2.76 TeV according to the AMPT and BW-LCC model. (Right panel) The differences
between Ay 1/ve and Ay 2/vg in AMPT and BW-LCC, denoted as A(A~y/vy). The solid and
dotted line is the result of a fit with a constant function to AMPT and BW-LCC result respectively.

In the string melting tune, the initial strings are melted into partons whose interactions are
described by a parton cascade model [61]. These partons are then combined into final-state
hadrons via a quark coalescence model. In this model, the final-state hadronic rescattering
is implemented including resonance decays as well. The input parameters as = 0.33 and
a partonic cross section of 1.5 mb were used to reproduce the centrality dependence of vg
and v3 for charged particles, as reported in ref. [62], for Pb-Pb events at /syn = 2.76 TeV.
About 40 million simulated Pb-Pb events were analysed, split into centrality based on
the values of the impact parameter. Only primary particles having the same kinematic
selections as in the experimental data (i.e. |n| < 0.8 and 0.2 < pr < 5GeV/c) were
considered. The left panel of figure 7 presents the ratio of the charge-dependent differences
A~1,1 and Ay 2 to the relevant harmonics vy and v3, respectively. Similar ratios are also
shown from the BW-LCC model, which is discussed in the previous subsection. The two sets
of data points are compatible within uncertainties over the entire centrality range for both
AMPT and BW-LCC model. This is also illustrated in the right panel of figure 7, which
presents the centrality dependence of (Av;1/v2) — (Av12/v3), denoted as A(A~y/vy). The
corresponding data points from AMPT and BW-LCC are fitted with a constant function,
which yields a result compatible with zero within the uncertainties of the fit i.e., A(Avy/vy)
= (9.4+5.5) x 107 and (5.4 4+ 14.8) x 107 respectively. This observation illustrates that
within these models one can assume k9 ~ k3. Results presented in this article have been
also reproduced using the AMPT version reported in [63].

The same procedure was used with Pb-Pb data recorded at both LHC energies. Since
the results of v2 2 do not give any significant charge-dependent difference as a function of
centrality within statistical and systematic uncertainties (see figure 3), only the values of
71,2 are used in the rest of the article to estimate the background.

Although, CME sensitive v1 _3 correlator could have similar dependence on the back-
ground as 711 (i.e., 71,3 o< d1v2), we observe in figure 3 that their magnitude are not the
same. This difference, which is being investigated as part a of future publication, makes
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Figure 8. (Left panel) The CME fraction extracted in Pb-Pb collisions at /sy = 2.76 TeV.
(Right panel) The CME fraction extracted in Pb-Pb collisions at \/sxy = 5.02 TeV. The systematic
uncertainty is shown as hatched band at zero line around the centrality value of 60%. The solid
blue lines correspond to fit with a constant function to the data points. See text for details.

the 71,3 correlator ambiguous to extract the CME contribution at this stage. Therefore,
in the following we only use 71,1 correlator to make quantitative measurement of CME.
The values of vy and v3 used to scale the charge-dependent differences of 7,1 and 7 2,
are the ones measured by ALICE in Pb-Pb collisions reported in ref. [62] and ref. [58] for
V3NN = 2.76 TeV and /sny = 5.02 TeV, respectively. The value of vy is estimated as the
average of v2{2} and v2{4} to reduce the biases due to fluctuations assuming a Gaussian
probability distribution [64]. Assuming ko & k3 as supported by the model study, the
value of A7y 2 X va2/v3 was used according to eq. (3.7) as a proxy for the magnitude of the
background contribution to the measurement of Av; 1, denoted as AvE 11<g’ for both LHC
energies. The CME fraction is then defined as

Bkg
A%,l

Ay’

fome =1 — (5.1)
where A~; ; is the measured value of the correlator presented on the left panel of figure 5.
Figure 8 presents the centrality dependence of the CME fraction at ,/syny = 2.76 TeV
(left plot) and /sny = 5.02TeV (right plot). The systematic uncertainties on fowmg
have been estimated from the same sources as mentioned in section 4. In addition, the
contribution to the systematic uncertainty stemming from v, was also estimated using
v2{2} in eq. (3.7) instead of the average of v2{2} and vo{4}. All individual sources are
then added in quadrature to get the total systematic uncertainty. We have excluded any
systematic variation in the assumption of k9 &~ k3 for the reported values of foumEg.

The total, centrality-independent systematic uncertainty is indicated by the shaded
box on the line at zero. It is seen that for both energies fcnug is compatible with zero up
to centrality &~ 40%. For more peripheral collisions, the value of fcyg is negative. There
could be several possible reasons behind this observation. The event plane resolution starts
to decline for peripheral events giving rise to fluctuations in the measured observables. The
non-flow, the effect of which is negligible for A~,, , but significant for vy, can affect the
measurement for peripheral events. There is another possibility that the ratio of the pro-
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portionality constants, i.e, k2/k3 have a centrality dependence instead of being a constant.
Therefore the observation of negative fomp for peripheral events could be a convoluted
effect of all these underlying phenomena. However, within the scope of this analysis, we
have limited ourselves with constant behavior of k2/k3 as a function of centrality.

Finally, to estimate an upper limit on the contribution of the CME signal to the
measurement of i 1, the data points of fomg are fitted with a constant function up to the
40% centrality interval. The fit yields values —0.021 £ 0.045 and 0.003 + 0.029 in Pb-Pb
collisions at \/sny = 2.76 and 5.02 TeV, respectively. These results are consistent with zero
CME fraction and correspond to upper limits on foug of 15-18% (20-24%) at 95% (99.7%)
confidence level for the 0-40% centrality interval. The latter values are estimated assuming
Gaussian distributed uncertainties and taking into account that the CME fraction has a
lower bound of 0 (see figure 8).

6 Summary

In this article, we reported charge-dependent results for various two-particle correlators
as well as two-particle correlations relative to different order symmetry planes. These
measurements are extracted from the analysis of Pb-Pb collisions recorded by ALICE at
V3NN = 2.76 and 5.02TeV. These correlators exhibit different sensitivity to the signal
induced by the CME and to background effects, dominated by local charge conservations
coupled to anisotropic flow.

All two-particle correlations of the form §, for m = 1, 2, 3 and 4 are dominated by
background effects and exhibit a significant centrality dependence. Among them, only &
exhibits a notable charge-dependent difference, which does not change significantly as a
function of Apr, but increases with increasing pt and decreases with increasing An of the
pair. For higher harmonics, on the other hand, the charge-dependent differences become
progressively smaller and are compatible with zero for d3 and d4.

The CME sensitive two-particle correlations relative to the second order symmetry
plane, 1,1 and 77 _3, exhibit a significant charge-dependent difference, which increases
towards peripheral centrality intervals. Results on particle correlations relative to the third
order symmetry plane, expressed by <12, that probe background effects associated with
local charge conservation modulated by triangular flow (v3), also show a significant charge-
dependent difference, which increases for more peripheral events. Finally, correlations
between two particles relative to the fourth order symmetry plane, that also have the
potential to probe mainly background effects, show no significant difference for pairs with
same and opposite electric charges, however they are suffering from large statistical and
systematic uncertainties.

A blast wave parametrisation that incorporates local charge conservation tuned to
reproduce the components of the background, is not able to fully describe the magnitude
of the charge-dependent differences of the CME-sensitive correlator 1 1. Finally, the results
of correlations relative to W3 and W, that probe mainly, if not solely, the contribution of
the background clearly show that these background effects are the dominating factor to
the measurements of v1 ;.
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